The design and development of pure and hybrid electric vehicles (PEV, HEV) is becoming a major focus
INTRODUCTION
Hybrid systems-such as hybrid electric vehicles (HEVs) and fuel cell electric vehicles (FCEVs)-are able to combine different power sources so as to face both growing pollution and lack of fossil resources.
Battery and IGBT power modules generate heat, and optimum thermal performance and high reliability throughout the product life cycle are required key factors (Reiner et al., 2009) , even if the thermal environment of a motor compartment is not suitable for electronics.
Actually, many different technologies are available for the thermal managements of such systems: air cooling (Jung et al., 2002; Zolot et al., 2003) , forced liquid loops (e.g., water, glycol, oil, acetone, or even refrigerants) (Pesaran, 2001; Pesaran et al., 1999; Chen and Evans, 1993; Pendergast et al., 2011) , and phase change materials (PCM) Selman, 2000, 2002; Khateeb et al., 2005) . In addition, in the case of very high heat input fluxes, heat pipe or thermosyphon coolers have been successfully implemented too (Maezawa et al., 1996; Hewitt et al., 1994) . Among two-phase passive heat transfer devices, pulsating heat pipes (PHPs) represent a possible alternative cooling method for the mentioned purposes as well. For instance, the Kenzan Fin PHP and Heat Lane PHP represent two designs of PHP coolers of IGBT modules in traction drives (Poláŝek andŠtule, 1997; Akachi and Miyazaki, 1997) . The first one is a bundle of turns of capillary smooth tubes which can be cooled by natural or forced air convection. The second one consists of a bundle of turns created by bending a long continuously extruded metallic flat plate sandwiched between two heat input plates and with capillary channels inside.
Swanepoel (2001) designed a PHP for the thermal management of "Optima Spirocell" (12 V, 65 Ah) lead acid batteries. The simulation and experiments showed that a PHP with d < 2.5 mm charged with ammonia could be the best option. Burban et al. (2013) studied an open-loop PHP in which the 2.5 mm inner tube diameter device was cooled by an air heat exchanger to replicate the environment of a vehicle. Four working fluids were employed (acetone, methanol, water, and n-pentane), and three inclinations with respect to horizontal position (horizontal, -45 • , i.e., condenser above the evaporator, and +45
• , i.e., condenser below the evaporator) were tested. Ranging the applied thermal power from 25 to 550 W, the air temperature from 10
• C to 60 • C, and the air velocity ranging 0.25 to 2 m/s, some of the most relevant results were obtained with regard to unfavorable inclination (-45 • ). Moreover, low-temperature limitations for water as a working fluid and degradation of performances for n-pentane tested at 60
• C air temperature were observed.
The present work aims at filling the gaps mostly related to the PHP dynamic response to a change of inclination; indeed, an experimental study of a flat plate PHP (FP-PHP) is performed through a specifically designed tilting apparatus so as to evaluate and discuss its thermo-hydraulic performance according to possible applications in the automotive field.
EXPERIMENTAL APPARATUS

Test Cell
The open-loop FP-PHP consists of a copper block (width: 125 mm, length: 265 mm, thickness: 5 mm) where a 2 mm square channel has been machined forming 10 turns in the evaporator zone [ Fig. 1(a) ]. The overall width and length of the channel network are of 85 mm, and 225 mm, respectively. There is a 2 mm gap between each other.
A vacuum/filling secondary circuit (Rotative Pascal R 2010 C2 or leak detector ASM Graph R 142) is utilized for degassing the fluid and to fill the device (filling ratio = 50% ± 0.5%) with ethanol. A glass window is clamped on the top surface and a flexible tape (Tacky Tape R SM5227) ensures the sealing between the channels. The device is thermally insulated (rockwool R : λ ≈ 0.04 W m −1 K −1 ) with the exception of the front face for the purpose of visualization. The hot and cold sources have been machined directly on the back side of the copper plate of the PHP. The hot source is 105 mm wide, 45 mm long, and 15 mm thick, situated 22 mm above the lower face of the PHP [see Fig. 1(b) ]. It is heated by four cartridge heaters (VULSTAR R 10164) which are connected to an electrical power supply. On the opposite, the cold source is 125 mm wide, 67 mm long, and 10 mm thick. It is cooled by an ethylene-glycol/water flow in engraved channels coming from a cryostat. Ten T-type thermocouples (±0.5
• C after their calibration) monitor the temperature of each section [ Fig. 1(b) ]: two sheathed thermocouples (T ev1 and T ev2 , bead diameter 0.5 mm) are located in small grooves on the back side of the evaporator (at 25 mm from both sides); another two (T i,co and T o,co , bead diameter 1 mm) are positioned in the input and output lines of the condenser; four bare thermocouples are located on the back side of the PHP at 35 mm from both sides, at the adiabatic zone (two at 40 mm from the evaporator, T ad1 and T ad2 , and two at 40 mm from the condenser, T ad3 and T ad4 ); two thermal switches avoid the overcoming of 110
• C. A pressure sensor (PDCR3500-3238 R , 2 bars absolute, ±0.1%) measures the local pressure fluctuations in the adiabatic zone [ Fig. 1(b) ], and the data are logged at 1 Hz (CompactRIO R NI cRIO-9074). The visualizations are performed with both a high-speed camera (Motionscope R 8000S, 50 Hz acquisition rate) for local phenomena [area defined by dotted lines between the evaporator and condenser on Fig. 1(b) : rectangular window 76 × 88 mm) and a camera (Canon R EOS 550D, 50 fps) for the global fluid motion/initial distribution across the PHP. The entire assembly is mounted on a tilting structure which is able to rotate along two mutual perpendicular axes.
Experimental Procedure
The whole experimental procedure can be summarized in five steps: PHP's preparation (i.e., the flexible seal's application on the device), PHP's setup (i.e., on the test bench), filling procedure and PHP's filling, test procedures, and lastly post processing.
Two different tests have been performed: the first test is devoted to determine the PHP's thermal-hydraulic performance in static conditions (test I), while the second test is devoted to investigate the PHP thermal-hydraulic response to a variation of the roll and pitch tilting angles (test II).
Test I: Thermal-Hydraulic Characterization
Three main inclinations are investigated during test I so as to determine the PHP's thermal performance: The heat power extends from 10 to 100 W, with step of 10 W for vertical inclination and 20 W for both horizontal and edge inclinations. Every step is maintained until the the pseudo-steady state * is reached.
Test II: Automotive Tests
The PHP inclination plays a crucial role in determining its thermal performance for automotive purposes. Many factors can involve variation in the vehicle's stability, all geometrically expressed in vehicle dynamics by a change in magnitude of three important angles (usually denoted as RPY angles): Roll angle (φ), Pitch angle (θ), and Yaw angle (ψ) † . For instance, variation in the roll angle is easily given when driving a car on a banked road or through a curve, whereas strong braking or acceleration maneuvers or a vehicle simply driven along a slope are examples of pitch angle's variation.
According to (Jiwon and Choi, 2013) , when a vehicle is driving along a flat road every maneuver takes not enough time and involves a RYP angle variation too tiny (∆ϕ ≈ ±4
• and |∆θ| < 5 • ) to accomplish a significant change in the PHP's thermal performance. Therefore, the most favorable conditions affecting the PHP's thermal performance are more likely given in vehicles which are driving on banked and/or sloped roads especially during a long time, and it is important not to take into account the variation in the relative pitch and roll angles, but in the global. In this perspective, automotive tests have been performed at a constant heat input level of 40 W starting from the edge position, the PHP is virtually located inside the vehicle as shown in Fig. 3(a) . As soon as the pseudo-steady state is reached, the device is tilted in the two different direction described below.
-Pitch test: variation of the pitch angle |∆θ| = 22
• 50 through a so-called "Pitch-up" inclination [|∆θ| = 22
• 50 , see Fig. 3(b) ] and "Pitch-down" inclination [∆θ = 22
• 50 , see Fig. 3(c) ].
-Roll test: variation of the roll angle |∆θ| = 22
• 50 through a so-called "Roll-up" inclination [∆φ = +22
• 50 , see Fig. 4(b) ] and "Roll-down" inclination [∆φ = -22
• 50 , see Fig. 4(c) ].
The choice for these angular variations is supported by two considerations: the result in (Jiwon and Choi, 2013 ) and the evident constraint of having the minimum angular path set to 22
• 50 (because of the holes machined on the steel plates). Furthermore, in both tests the inertial forces are not taken into account.
RESULTS AND DISCUSSION
Results are presented mainly as mean temperature temporal evolution (main y axis) together with the variation of heat input level (secondary y axis). Some of the results of Sec. 3.1 have been already briefly presented in 
where the numerator is the difference between the mean evaporator temperature T ev and the mean condenser temperature T co when pseudo-steady state (i.e., the average component of the temperature temporal trend is constant) is reached, whereasQ is the effective heat power input provided to the evaporator zone. The thermal resistance is evaluated as the time average over a 2 min period where the pseudo-steady state is stable. Figure 5 shows the evaporator and condenser temperature temporal trend during the tests in vertical position. The PHP operation is activated at 30 W; indeed, the fluid starts oscillating and the evaporator temperature suddenly decreases. From 30 to 60 W the gravity force acting on the liquid slugs is still competing with the vapor plugs pressure, creating several stopovers: these stagnant periods, when the fluid is not moving, are followed by a decrease in the heat transfer rate due to the absence of convection and an inconsequential increase of the wall and fluid temperature. In the meanwhile, vapor plugs pressure increases too until it is able to overcome the adjacent inertia of the liquid slugs and the gravitational forces. This results in sudden and vigorous fluid pulsations that restore the fluid motion and the efficient heat transfer mechanism. From 70 to 90 W the PHP temperature trends are not undergoing any stopover periods anymore but at 100 W there is a shift to an unstable thermal regime, already detected by Mameli et al. (2014) also in the tubular PHP, when the evaporator temperature curve is not regular due to local dryouts which are immediately suppressed afterward. Note that the total dry-out heat power level has not been reached by the present experiment. Regarding the visualization, in vertical orientation, the flow pattern is mainly annular in the central and lateral channels along the whole length of the PHP as shown in Fig. 6 . However, stagnant liquid storages (i.e., more than two adjacent channels completely filled by liquid, see yellow dashed rectangles in Fig. 6 ), are often present inside the device but they usually decrease with the heat input level. The points that can be distinguished at the top image of Fig. 6 (a) correspond to back-flow waves instabilities at the liquid/vapor interface caused by vapor flow.
Test I
Vertical Position
The thermal instabilities occurring at 100 W, translated in terms of flow patterns, can be pointed out through the alternation of two flow regimes inside the PHP: annular flow with liquid storage in some channels and very few liquid plugs, and semi-annular flow. In the last case, it seems that the liquid plugs are carried away by the vapor flow, with a random and relatively rapid movement. We can assume that these liquid plugs come from the entrapped excess of liquid, which starts their motion, and participate in the heat transfers by the addition of a significant part of sensible heat to the total heat transfers. This assertion, already established by Khandekar et al. (2004) , is based on the fact that every time the semi-annular flow pattern started up, the evaporator temperature decreased.
Horizontal Position
The actual PHP, operated in the horizontal position, practically works as a purely conductive medium; temperature trends do not show any fluctuation (Fig. 7) . Indeed, the visualization does not show any consistent flow motion too. The liquid phase is mainly accumulated in the condenser zone, while long vapor bubbles reside in the evaporator zone; therefore, the visualized pattern is just an alternation of static liquid slugs and vapor plugs except for 40 W heat power where very small amplitude oscillations have been detected (Fig. 8) . Evidently this poor flow motion does not give any contribution to the heat transfer rate.
Edge Position
Testing the PHP in the edge position is one of the main novelties of the present work with respect to what has been done so far in the literature. As per the horizontal position, the initial fluid distribution is characterized by long vapor bubbles in the evaporator as well as long liquid slugs in the condenser. The activation of the fluid motion occurs at 20 W (Fig. 9) .
Noticed that the start-up heat input level for the edge position is lower with respect to the vertical position. This earlier start-up condition can be related to the gravity head between the top and the bottom of each bend [∆P g = p t gh c ≈ 26 Pa at 20
• C, see Fig. 10(a) ], this leading to a gravity pressure head ∆P g of around 648 Pa for the last surrounding bend. This pressure head asymmetry is very important because it can drive an oscillatory motion between all liquid plugs, even for the lowest heat powers applied. Thus, in a situation where there are no oscillations as in horizontal inclination, this weak driving force is able to promote the fluid motion.
Oscillations propagate from top into bottom, therefore also through the vapor phase. It shall likely start from the liquid plug situated in both extremities of the overall channel, the latter being subjected to the largest gravity head. As mentioned above, the velocity of a meniscus at the top of a bend is almost equal and of opposite direction than the bottom. Gradually as the heat power increases, the amplitude and velocity of the oscillations increase. Lastly, as a liquid front arrives and leaves the evaporator a new liquid film is deposited on the channel walls. This film progressively evaporates [with visible waves in Fig. 10(b) ] until complete dry-out of the channel and/or it is covered again by the advancing liquid front. The equivalent heat transfer coefficient combines gradual thin-film evaporation to sensible heat of moving liquid plugs.
Summarizing the results in terms of thermal performance, Figure 11 shows the overall thermal resistance plotted against the heat power input levels for the three investigated configurations in test I, i.e., horizontal, vertical and "on the edge". The only configuration when the PHP operation is not activated is the horizontal one, its thermal resistance is almost constant for all the heat input levels. The best performance is recorded for the vertical case but it is worthwhile to notice that the edge configuration starts up at a lower heat input level (20W against the 30W for the vertical case).
Test II: Automotive Tests
Pitch Tests
Starting from the edge position, the PHP has been heated up at 40 W till the pseudo-steady state is reached. Notice that the evaporator average temperature sets almost to the same value obtained during the thermal characterization performed during test I at 40 W (Fig. 9) . With the same heat input level, the PHP is tilted up by 22.5
• and kept in the favorable inclination (evaporator below the condenser) until the new pseudo-steady state is reached (see Fig. 12 ). Even if the inclination angle is not that big, gravity assists the return of liquid toward the evaporator and the heat transfer rate is higher. As a consequence the mean evaporator temperature decreases and sets to a slightly higher value with respect to the vertical mode. Interestingly, the device does not undergo any stopover period. Again with the same heat input level, the PHP is tilted down by 22.5
• with respect to the edge position and kept in the unfavorable inclination (evaporator above the condenser) until the new pseudo-steady state is reached. See Fig. 12 .
The latter is very interesting because it points out how a small angular variation toward the "Top Heat Mode" configuration immediately leads to the evaporator dry-out and the PHP performance drops and sets close to one obtained during the horizontal tests.
The thermal performance of the pitch test is also supported by the flow pattern's analysis during the changing of inclination. In the first transition (i.e., from the edge position to Pitch-up) it is possible to observe a progressive change of flow pattern from slug-plug to semi-annular in many channels, whereas in the second transition (i.e., from Pitch-up to Pitch-down), on the contrary, a rapid shift from semi-annular to a dry-out situation (i.e., no movement).
Roll Tests
Starting from the edge position, the PHP has been heated up at 40 W until the pseudo-steady state is reached. Once again the temperature level sets to the same value obtained during the thermal characterization performed during test I at 40 W (Fig. 9) . With the same heat input level, the PHP is rolled up by 22.5
• (glass window below) and kept in this position until the next pseudo-steady state is reached as shown in Fig. 13 .
FIG. 12:
Pitch test -mean evaporator and condenser temperature temporal evolution (Ẇ = 40 W).
FIG. 13:
Roll test -mean evaporator and condenser temperature temporal evolution (Ẇ = 40 W).
After a stopover event, the PHP performance decreases and this could be related to the smaller gravity head between adjacent curves. Afterward, by rolling down the device by 22.5
• with respect to the edge position, one should expect that nothing changes because the relative evaporator/condenser inclination with respect to gravity is identical to the previous one. Curiously the heat transfer rate is enhanced, the evaporator temperature decreases, and a different pseudo-steady state is reached. This phenomenon could be linked to the fact that the two PHP sides are made of different materials (copper plate coupled with glass window).
Summarizing the results in terms of thermal performance, Table 1 shows the overall thermal resistance at 40 W for all the investigated configurations (static: test I, dynamic: test II). In static conditions, the edge position could be promising in terms of thermal performance, start-up heat input level, and operation stability. Nevertheless, the pitchdown and roll-up dynamic tests demonstrate that the edge configuration may not be the most suitable for automotive applications.
CONCLUSIONS
An open-loop flat plate PHP with 10 turn channels machined in a copper block has been tested with ethanol as working fluid at different orientations so as to evaluate and discuss its thermal performance in accordance with its possible application in the automotive engineering for thermal management of HEV's crucial components, such as batteries and IGBTs. The main outcomes are outlined below: The evaporator is below the condenser and gravity acting in the flow path direction. In this case the thermal resistance is smoothly decreasing except for the lowest heat powers applied, due to instable behaviors related to start-up conditions which make these values comparable with those relative at "edge" orientation. The flow pattern is always semi-annular-with some trapped liquid in adjacent channels.
-Horizontal orientation: Gravity is acting perpendicular to the PHP plane. In this case the evaporator is partially dried out with slug flow distribution, therefore making the thermal resistance much higher than the other positions. This parameter seems to be independent of the applied heat power. Here the transient response appears to be very smooth and regular, characteristic of a quasi-conductive heat transfer regime.
-Edge orientation: the PHP is lying on the edge so that there is no height difference between the evaporator and the condenser zone. This is the most interesting PHP position among those tested, since it has never been mentioned in the literature. Results indicate that the edge position allows it to reach good performances in terms of start-up heat input, thermal resistance, and operation stability; nevertheless, the dynamic pitch and roll tests show that this configuration may not be the most suitable for automotive applications.
-Both the automotive tests included in test II provide a "bridge" between classical vehicle's parameters and PHP's thermal performance, and show what happens inside the PHP when a hybrid configuration occurs (i.e., changing in PHP's inclination under the same heat power input).
-The PHP thermal response is positive (thermal resistance decrease) when pitched up in favorable gravity conditions while a small angular variation toward the "top heat mode" configuration immediately leads to a performance drop.
-The roll tests were expected to show similar thermal behaviors due to heating/gravity symmetric conditions. The different thermal performance may be linked to the two different materials (glass and copper) that have been utilized.
